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 Aluminum-alumina nanocomposites were synthesized using mechanical alloying of 
blended component powders of pure constituents. This study was performed on various powder 
mixtures with aluminum as the matrix and alumina as the reinforcement with volume fractions 
of 20, 30, and 50 % and Al2O3 particle sizes of 50 nm, 150 nm, and 5 µm. X-ray diffraction 
(XRD) and scanning electron microscopy (SEM) techniques were used for the crystal structure 
and microstructural characterization of the powders at different stages of milling. Al2O3 powders 
with 50 nm and 150 nm particle size were predominantly of γ-type, while Al2O3 of 5 µm size 
was of α-type.  The main goal was to achieve uniform distribution of the Al2O3 ceramic particles 
in the Al matrix, which was achieved on milling for 24 h in a SPEX mill or 100 h in a Fritsch 
Pulverisette planetary ball mill. The powders were consolidated in two stages: pre-compaction at 
room temperature followed by vacuum hot pressing (VHP) or hot isostatic pressing (HIP) 
techniques to a fully dense condition. The effect of reinforcement particle size and volume 
fraction on the stress-strain response, elastic modulus and yield strength of the composites was 
investigated. Nanoindentation and compression tests were performed to characterize the 
composite material. Yield strength of 515 MPa, compressive strength of 685 MPa and elastic 
modulus of 36 GPa were obtained from compression tests. Nanoindentation results gave the 
yield strength of 336 MPa, maximum shear stress of 194 MPa and an elastic modulus of 42 GPa. 
The low elastic modulus values obtained from the above tests might be because of localized 
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CHAPTER 1: INTRODUCTION 
      
1.1  Motivation
 
 Recent research in the field of aluminum-based metal matrix composites has brought out 
the immense potential in terms of their applications and development of different fabrication 
methods. Superior mechanical properties and high strength-to-weight ratio of such materials 
have led to an increased interest in the automobile and aerospace industries in which saving the 
weight of the component is a critical issue. Several fabrication techniques have been developed 
in recent years to manufacture the composites with specific properties in mind. The aluminum 
matrix can be reinforced with a variety of ceramic particles of different shapes and sizes to 
achieve the desired properties. But, the principal difficulty in achieving the properties is the 
inability to produce the desired connectivity and spatial distribution of the phases for a given 
volume fraction. Among other things, the strength of the composite depends on the spacing 
between the reinforcement particles.  
 The relationship between the inter-particle spacing, λ, particle size, d and the volume 
fraction of the reinforcements, fv is given by the equation [1]: 
λ = d (fv-1/3-1)                          (1.1) 
 The main assumption here is that the particles are considered to be of equal size, 
periodically spaced and cubic in shape. The above equation can be used as a guideline for 
changing λ by using different combinations of particle sizes and volume fractions. Figure 1.1 
shows the relationship among the above factors in accordance with equation 1.1.  
 
 
Figure 1.1: Schematic representation of the relationship between λ, d and fv
 
 Earlier work on aluminum-based composites was primarily based on dispersion of 
ceramic particles of large size (typically a few microns) as reinforcements with high volume 
fractions as shown in area 1 of Figure 1.1 [2]. It was observed that larger ceramic particles 
(above 1.5 µm) tend to increase the inter-particle spacing in the composite and eventually lead to 
lower strengths. In addition to this they act as microconcentrators of stress and give rise to 
cleavage in the particles. The medium size particles (0.2-1.5 µm) lead to the formation of 
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cavities and pits through loss of interphase cohesion. This prompted some investigators to add 
smaller size particles (below 200 nm) into the matrix as these particles bond well to the matrix 
and do not initiate cavities in the particles.  However, such composites were produced with low 
volume fraction of the ceramic phase as shown in area 2 of Figure 1.1. The purpose of the 
present work is to bridge the gap between the above two cases with the dispersion of sufficiently 
high volume fraction of nanometer-sized ceramic phase, shown in area 3 of Figure 1.1. The main 
objective of the present work is to produce and characterize the composites with a uniform 
distribution of the reinforcements in the most economical way possible. It has been previously 
reported that clustering of the ceramic phase might result in catastrophic failure of the material. 
Thus care has been taken to check for the homogeneous distribution of the ceramic phase into the 




Proper selection of the processing technique plays a crucial role in achieving uniform 
distribution of high volume fraction of Al2O3 particles in the Al matrix. The technique of 
mechanical alloying (MA) has been used to produce the composite powders with varying volume 
fraction (20, 30 and 50 vol. %) of Al2O3 and particle sizes of 50 nm, 150 nm and 5 µm. Crystal 
structures and lattice parameters were determined with the aid of X-ray diffraction patterns. 
Scanning electron microscopy was used to check for the distribution of Al2O3 particles in the Al 
matrix. Cold compaction of the composite powders was carried out to facilitate handling of the 
powders and also to have a slightly dense sample at the start of the consolidation process. 
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Vacuum Hot Pressing and Hot Isostatic Pressing techniques were used to achieve fully dense 
samples. Mechanical characterization of the fully dense compacts was done using instrumented 
nanoindentation and compression testing.  
 In terms of organization of the thesis; Chapter 2 surveys the existing literature in the field 
of Al-Al2O3 composites as a whole and not specific to nanocomposites. This section gives an 
overview of the processing techniques and mechanical properties of the above composite. 
Chapter 3 presents the background of mechanical alloying technique, equipment used and the 
influence of processing parameters on the final product. Chapter 4 describes the experimental 
procedures, synthesis of the desired composite powders, consolidation and the different 
characterization processes involved. Chapter 5 presents the results and discussion, and Chapter 6 
the final conclusions, followed by the references. 
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 Metal matrix composites (MMCs), metallic matrices reinforced with a ceramic phase, are 
attracting considerable attention in the aerospace and automotive industries. The prime reason 
for this is that a better combination of physical and mechanical properties of metals viz., high 
ductility, toughness and thermal conductivity and that of ceramics viz., high modulus and high 
strength can be obtained. A sufficiently high volume fraction of the reinforcing phase can ensure 
a high composite hardness in most of the cases. Consequently, MMCs show excellent 
performance with high specific strength, stiffness, and good wear resistance. 
 In general these composites can be fabricated using a ductile metal (e.g., aluminum, 
titanium, or nickel as the matrix material) with ceramic reinforcements (e.g., alumina, silicon 
carbide, or graphite). The main factors that are related to the properties of such composite 
materials include: (1) properties of the base material, (2) type, shape, dimensions, geometric 
arrangement, and volume fraction of the reinforcement [3] and (3) wettability at the interface or 
the bonding between the reinforcement and matrix, and presence or absence of voids [4]. Among 
these factors, the volume fraction of the reinforcement and the bonding at the interface play a 
critical role as they are directly related to the strength, ductility, elastic modulus, and wear 
resistance of the composite [5]. 
 In terms of the microstructure, the above composites can be subdivided according to 
whether the reinforcement is in the form of continuous fibers, short fibers (whiskers), 
particulates, or platelets, (Figure 2.1). It is usually observed that the continuous fiber and 
whisker-reinforced MMCs have better material properties along the longitudinal section in 
comparison to MMCs with particulate reinforcements but they usually have higher fabrication 
costs [3]. Particulate-reinforced composites are a promising group of materials with 
homogeneous and isotropic properties, low cost of processing, and ability to be formed using 
conventional metal processing techniques. 
 
 
Figure 2.1: Types of MMCs, based on reinforcements [4]. 
 
 Aluminum based MMCs reinforced with alumina, have a number of advantages over 
conventional aluminum alloys. These include enhanced thermal shock resistance, excellent 
stiffness to density ratio and higher strength to weight ratio. The above properties, especially 
their light weight make these materials promising in the field of aerospace, defense and 
automotive sector for a variety of applications such as engine components, braking systems, 
missile nose and guidance systems. Fundamental understanding of the relationship between 
  6 
 
 
  7 
 
 
microstructural features and mechanical properties of such materials is important in order to 
enhance their applications.  
 
2.2  Processing Methods
 
The development of aluminum-based composite materials offers opportunities for testing 
and a better theoretical understanding of composite materials in terms of volume fraction, size 
and shape of ceramic phase and interaction between the different phases present in a composite 
[6]. Ceramic reinforcements in the form of short fiber or whiskers and particulates have been 
regularly added to metallic matrices to improve their properties, and are found to be good for 
tribological applications [7]. The main idea behind this is to find the most productive and 
economical way to produce the composite material with relative ease and to tailor the individual 
properties of the metal and the ceramic into the composite as a single unit.  The term ‘matrix’ 
used here usually refers to the phase in the composite having the highest volume fraction, in 
most of the cases it is unarguably the metal phase.   
 Comparisons between the above composites and carbon-based composites have been 
made on a regular basis in terms of characteristic features like rupture strength, hardness and 
corrosion resistance. Superior longitudinal strength of fiber-reinforced aluminum composites has 
been attributed to the high bonding strength between the alumina phase and the aluminum 
matrix. Many different manufacturing processes have been developed during the past few years 
and these include infiltration, displacement reaction, liquid metallurgy, die-casting and anodizing 
methods. These methods are discussed in the following paragraphs. 
2.2.1  Infiltration Method 
 
 One of the promising methods to fabricate components with a complex geometry with 
high volume fraction of the ceramic phase at a much lower cost is the liquid infiltration process 
[8]. Medium pressure infiltration is the most widely used industrial technique of making the 
composites, though not without minor defects like porosity, brittle phases and clustering of 
alumina particles. The major contribution to the mechanical properties of such materials is the 
distribution of the reinforcement (particles or fiber) and their bonding with the matrix. 
Composites reinforced with 50 vol. % α-alumina fibers can be fabricated using medium pressure 
infiltration technique as shown in Figure 2.2. The whole setup is inside a vacuum chamber. The 
metal and fibers are independently maintained at a constant temperature (Tm and Tf) respectively, 
nitrogen gas under pressure is forced along the length to infiltrate the fibers. To eliminate any 




Figure 2.2: Basic principle of medium pressure infiltration technique [9] 




Figure 2.3: Microstructure of the material with clustered fibers [9] 
 
 An optical micrograph of the composite shown in Figure 2.3 illustrates that during the 
infiltration process clustering of the fibers occurs (indicated by “a”). This leads to some regions 
being deprived of the fibers (indicated by “b”) and hence can have a substantial effect on the 
composite properties.  
 Extensive studies have been carried out on the influence of metal volume fraction on the 
aluminum-alumina system. Travitzky [9] investigated composites with constant diameter metal 
ligaments. Al-Al2O3 composites with interpenetrating networks with the metal content ranging 
from 12 to 34 vol. % were fabricated by gas-pressure infiltration technique. High purity α-
alumina with an average grain size of 0.5 µm was used to produce the porous ceramic preforms 
along with high purity aluminum that was used for infiltration. Pre-compaction of the as received 
alumina powders was done using a cold isostatic press at a pressure of 800 MPa followed by 
sintering between a temperature range of 1200 to 1400 ˚C for 1h. The heating and cooling rates 
were kept constant at 15˚C/min.  Infiltration was carried out in an alumina crucible and the 
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system was heated in a HIP furnace in vacuum to 1000 ˚C. Argon gas pressure of 15 MPa was 
then applied that forced the molten aluminum to infiltrate the alumina preforms and the pressure 
was maintained until the aluminum had solidified completely. Different sections of the 
composite were cut for the mechanical and microstructural characterization. Four point bending 
tests were carried out on the fabricated composites with a bending strength of 740 MPa reported 
for samples containing 12 vol. % of Al. The bending strength of the composites decreased with 
increasing volume fraction of metal phase. The high strength of the composite material was 
attributed to the strong interfacial bonding between alumina and aluminum. The fracture 
toughness of the composites increased with increasing volume fraction of aluminum. The highest 
fracture toughness was measured for the composites containing almost 25 vol. % of Al. Analysis 
of the fractured surfaces revealed that crack bridging due to the plastic flow of metallic phase 
had major contribution towards material toughening. 
 In composites with constant diameter metal ligaments, an increase in the volume fraction 
of the closed porosity was observed with increase of sintering temperature. The average grain 
size of alumina increased with increase in sintering temperature; in contrast, the pore size 
decreased. Increase of open porosity resulted in a decrease in bending strength, and a slight 
increase in fracture toughness with increase of aluminum content compared to the un-infiltrated 
alumina.  
 The main reason for the higher toughness in these composites is the continuous network 
of aluminum around the alumina grains; fracture in such composites is a transcrystalline 
phenomenon. However, with an increase of aluminum content a few intercrystalline cracks were 
also observed, the reason for this being debonding between the metallic and ceramic phases. 
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 Hardness studies on such composites have shown that with an increase in metal volume 
fraction the hardness decreases due to the low fraction of hard alumina phase and in some cases 
the presence of weak network. Plastic flow of the metallic phase under the indenter results in 
sliding of the hard reinforced phase thereby resulting in lower hardness values. Increase in the 
volume fraction of the ceramic phase results in a stronger network thus showing higher values of 
hardness. Presence of quasi-hydrostatic stresses under the indenter due to the increased alumina 
content significantly increases the resistance of the material to indentation with the highest 
hardness achieved at about 12 vol. % of aluminum. Ultrasonic techniques were employed to 
measure the elastic modulus of the material. Results show a linear decrease in the Young’s 
modulus with increase of aluminum content; however, the values are lower than expected as a 
result of closed porosity in the alumina network. The Poisson’s ratio was measured to be 
constant at 0.18 and 0.34 for uninfiltrated and infiltrated alumina, respectively.  
 The reinforcement architecture also plays a crucial role in determining the mechanical 
and physical properties of the Al-Al2O3 system. Kouzeli and Dunand [10] studied two different 
reinforcement architectures − Interconnected and Discontinuous. At ambient temperature the 
former offers a modest increase in the stiffness compared to discontinuous reinforcement 
architecture; however, at higher temperatures this difference progressively increases. The 
network structure in terms of its connectivity and contiguity has been studied for a long time now 
and there is a general agreement that the presence of interpenetrating microstructure of the 
ceramic and the matrix phase improves the physical and mechanical properties. Comparisons 
have been drawn between composites with and without interpenetrating microstructures. The 
liquid metal infiltration method was used to produce the desired composite. Alumina preforms 
were prepared using spray-drying slurry of alumina particles with an average diameter of 0.3 µm 
followed by partial sintering. In order to avoid porosity the ceramic particles were pressure-
infiltrated to a fully dense state. Discontinuous reinforced composites (DRCs) were obtained 
from an as-cast composite by extrusion that breaks up the network of the reinforcements without 
introducing porosity. Interpenetrating phase ceramic-matrix composites (IPCs) were fabricated 
containing 34 and 37 vol. % of Al2O3. Optical micrographs show near homogeneous distribution 
of sub-micron alumina particles in the aluminum matrix.  
 
 
Figure 2.4: Optical micrographs of (a) interpenetrating phase ceramic-matrix composite-34 
vol.%, (b) discontinuous reinforced composites; light gray phase is Al and dark gray is Al2O3 (c) 
SEM micrograph of IPC34 where the lighter phase is Al2O3 and the darker phase is Al [10] 
 
Figure 2.4(a) indicates the presence of spherical alumina-rich regions of about 10-100 µm in 
diameter surrounded by pure aluminum matrix. Figure 2.4(c) is an SEM image of an 
electropolished three-dimensional reinforced structure without the aluminum matrix in which the 
interconnected nature of the reinforcements is evident.  
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 The main mechanisms of microstructural damage in aluminum composites reinforced 
with alumina particles have been previously reported as reinforcement fracture for particles 
larger than 10 µm and matrix cavitation for much smaller particles [10]. The literature reports the 
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presence of voids in the matrix for all composites, verifying the tendency for matrix cavitation 
due to smaller reinforcing particles. The presence of large number of voids may result in the 
fracture of alumina network that in turn may trigger a catastrophic failure due to lowering of the 
composite stiffness, thus it is seen that the composite stiffness is more sensitive to damage in 
ceramic particles than matrix phase because of their comparatively higher stiffness and load 
bearing capacity. 
 
2.2.2  Displacement Reaction Method 
  
 Imbeni et al. [11] have studied composites with two or more phases physically intermixed 
with each other. Composites with approximately 70 vol. % Al2O3 have been manufactured with 
each phase forming a continuous network penetrated by a similar network of the other 
constituent. The composite was formed by the addition of a silica precursor to molten aluminum 
at a temperature of about 1100 °C. Aluminum replaces silicon in the precursor, forming alumina 
according to the displacement reaction: 
3SiO2(s) + 4Al(l) → 2Al2O3(s) + 3Si(s)                                                                             (2.1) 
The remaining aluminum matrix contains a small amount of silicon, which precipitates out 
during cooling to room temperature. Microscale abrasion test and dry sand rubber wheel abrasion 
tests were carried out. The wear behavior of the composite was compared to AA2014 aluminum 
alloy and cast AA6061 aluminum alloy. The results indicate that the wear rate in the composite 
falls between the wear rates of the above two conventional alloys. Abrasive tests resulted in 
removal of the matrix phase, exposing the reinforcements that in turn underwent a brittle facture. 
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Huang et al. [12] proposed a new idea to fabricate Al-Al2O3 composites with in-situ alloying 
elements that provide an effective control over the size and level of the reinforcement thereby 
yielding a better tailorability of properties of each phase. The above processing method is widely 
used in the production of particle-reinforced composites with an improved interfacial contact 
between the reinforcements and the matrix. Numerous insitu manufacturing processes have been 
developed to incorporate ceramic particles into metals. For instance techniques such as self-
propagating high-temperature synthesis, exothermic dispersion and reactive spray forming have 
emerged in the past two decades.  
Displacement reaction between aluminum and metallic oxides has been used to produce 
aluminum-alumina composites. The reaction takes the following form: 
3MO + 2Al → Al2O3 + 3M                        (2.2) 
where Al2O3 is the desired reinforcement, and M usually enters the aluminum matrix as an 
alloying element and may result in alloy strengthening.  
 The displacement reaction results in the formation of α-Al2O3 and CuAl2; the presence of 
α-Al2O3 improves the wear resistance of the composite due to its load bearing capacity. The 
metal oxide usually reduces during the reaction and is known to significantly deteriorate the 
properties. Thus in order to avoid the detrimental effects care has to be taken while processing, 
the main consideration being the knowledge of the formation energies of the respective oxides 
which has to be considerably higher than that of alumina for the reaction to be favorable. Hence 
proper selection of metallic oxide is an important criterion during the manufacturing of the 
composite. Combination of two different oxides, e.g., CuO and SiO2 can also be used to enhance 
the properties due to alloying elements and the ceramic phase. The main advantage of this 
technique is that an almost homogeneous distribution of the ceramic phase can be obtained in 
contrast to conventional methods wherein agglomeration of the ceramic phase could occur. 
Figure 2.5 shows SEM images of the composite that support the above statements and illustrate 
the presence of α-Al2O3 with an average particle size of less than 0.5 µm in the aluminum matrix 
with CuAl2, CuO and combination of CuO and SiO2.  
 
 
Figure 2.5: Magnified SEM image of particles in Al matrix with (a) CuAl2 phase (b) CuO and (c) 




Figure 2.6:  (a) TEM images of insitu Al2O3 particle in the matrix and (b) magnified image of α-
Al2O3 particle [12] 
 
  15 
 
 
  16 
 
 
 Figure 2.6(a) shows that the particles tend to pin the dislocations. Figure 2.6(b) shows 
that the α-Al2O3 particles obtained are round cornered and thus have a less deleterious effect on 
the ductility of the composite. The interface between the particle and the matrix also looks clean 
and is considered as one of the advantages of in-situ composites. The distribution of alumina 
particles in the composite matrix is affected by various process parameters like the cooling rate 
and temperature gradient. 
 
2.2.3  Liquid Metallurgy Method 
 
 Li and Langdon [13] carried out creep tests on Al-6061 matrix alloy with 20 vol. % 
alumina particles in the temperature range of 623 to 773 K. The ceramic phase is in the form of 
microspheres, essentially a mixture of α-alumina and mullite. The average size of the Al2O3 
particles used was about 20 µm. Liquid metallurgy technique that consists of adding preheated 
ceramic microspheres into the molten matrix was employed in the composite manufacture. The 
results of creep tests indicated that the creep resistance of the composite was significantly higher 
than the unreinforced matrix alloy. The strengthening effect at low temperatures was attributed to 
additional dislocations generated as a result of the difference in the thermal expansion coefficient 
of the two phases.  
 Ferry and Munroe [14] investigated the effect of the reinforcement phase on static 
recovery of a cold-rolled alumina particulate composite. Molten metal mixing route was 
employed to produce the aluminum alloy containing 20 vol. % Al2O3 particles of average size 15 
µm. The fabricated composite was cold-rolled and annealed at 350 °C for about 20 h. The rate of 
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recovery of the composite was monitored using hardness values obtained from Vickers 
indentation experiments. The presence of ceramic phase resulted in enhanced dislocation density 
in the annealed material before mechanical deformation. Thermal dislocations were generated 
due to the difference in the coefficient of thermal expansion of the ceramic and the matrix phase, 
this along with the dislocations generated due to cold rolling effect in the vicinity of the ceramic 
particles tend to increase the dislocation density in the composite material. Large-scale 
deformation inhomogeneities were considerably affected by shape and spatial distribution of 
alumina particles. Irregular shaped particles tend to force the matrix to deform in a highly 
constrained manner due to the development of deformation zones around the individual particles. 
It is reported that clustering of ceramic particles in some cases, tend to shield the matrix from 
deformation and hence behaves like a single large particle; this phenomenon is more evident in 
composites with higher volume fraction of reinforcements. Hardness measurements on the 
samples after cold-rolling and storage at room temperature for a few days showed a decrease 
with no change in the dislocation density, thus indicating that the hardness decrease is a result of 
stress relaxation due to subtle changes in dislocation configurations and annihilation of point 
defects. Higher dislocation density in the composites is usually accompanied with fine cell 
structure, particularly in regions close to the ceramic particles. The driving force for recovery 
from plastic deformation and strain is the reduction in the stored energy by annihilation of point 
defects and hence is higher in the composite due to their finer structure. Internal stresses and 
interfacial diffusion play a critical role in the recovery process especially at lower temperatures 
due to prior heat treatment and deformation. The recovery process can be accelerated as a result 
of residual stresses and presence of interface between the ceramic and matrix phase, without an 
appreciable change in the dislocation density. 
 The most recent study of Al-Al2O3 composites was carried out by Kang and Chan [15] to 
investigate the effect of nanometric reinforcement on the tensile properties and fracture behavior 
of the composite. The powder metallurgical route was adopted in the fabrication of the above 
composite that consisted of a combination of wet mixing, cold isostatic pressing (CIP) followed 
by sintering. The mean particle size of the starting aluminum powder was about 28 µm and that 
of the Al2O3 powder was 50 nm. The volume fractions of Al2O3 ranging from 1-7 vol. % were 
mixed with aluminum powder along with pure ethanol. The slurry was dried at 150 ˚C and then 
compacted by CIP. Micrometer-sized particle reinforced aluminum matrix composite with 10 
vol. % SiC (13 µm) was fabricated using the above technique for comparison purposes. Sintering 
was carried out at 620 ˚C for 2 h, followed by extrusion at 420 ˚C with a reduction ratio of about 
36:1. Compacts were then subjected to annealing heat treatment at 350 ˚C for 2 h.  
 
 
Figure 2.7: TEM Micrograph of Al-Al2O3 composites, (a) 1 vol. % and (b) 4 vol. % Al2O3 [15] 
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 Microstructural examination of the composite material revealed that the nanosized Al2O3 
particles tend to fill the gaps between the much larger aluminum particles during mixing process 
and form clusters in the matrix. Figure 2.7 shows TEM micrographs of two different 
compositions. It is quite clear that the degree of cluster formation increases with increase in the 
volume fraction of Al2O3. It was reported that the clusters were well bonded to the matrix 
contributed towards strengthening of the composite. The size range of the clusters was reported 
to be 100-400 nm. 
  
2.2.4  Die-Casting Method 
 
 The shape and geometry of the reinforcements also have a critical role to play in the 
creep properties of the composites. This is illustrated by the fact that the creep resistance of the 
material substantially increased by the addition of short whiskers in comparison to the 
particulates. Spherical and irregularly shaped ceramic reinforcements were compared and the 
major difference reported was that the dislocation density in case of the 20 vol. % spherical 
reinforcements was consistent with that of 10-15 vol. % of irregular shaped reinforcements. 
Tribological studies carried out on such composites are more concerned with the particulate 
rather than fiber reinforcements. This prompted Iwai et al. [16] to examine composites with low 
volume fraction of fiber reinforcements for wear resistance. Detailed observations of the surface 
and sub-surfaces of worn specimens were carried out as a result of dry sliding wear tests using 
pin-on-disk tester with nitrided stainless steel pin. A high-pressure low-speed die-casting 
fabrication technique is used for the composite manufacture. The metal matrix used for 
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fabrication is an ADC12 aluminum alloy, reinforced with alumina fibers of 4 µm average 
diameter with a volume fraction ranging between 0.03 and 0.26. The literature reports that the 
decrease in the wear rate is accelerated with increase in the volume fraction of the ceramic phase. 
Comparisons have been made between the wear resistance of the composite and the un-
reinforced material, the latter material is reported to undergo large volume loss during the tests 
and the specimens with higher volume fractions showed steady state wear from the start of the 
test. It was observed that with an increase of volume fraction of the ceramic phase the wear rate 
progressively decreased. Thus the initial wear of the unreinforced materials is supposed to be a 
result of plastic flow of the matrix. It is reported that optimum wear resistance is obtained at 8-10 
vol. % of the fiber reinforcements.  
 
2.2.5  Anodizing Method 
 
 Yu and Lee [17] synthesized Al-Al2O3 composites by forming thin Al2O3 films on 
commercially pure aluminum foil by anodizing. The bonding between layers of aluminum foil 
and alumina is achieved by hot rolling; this followed by cold rolling is used to further break up 
the thin alumina film and to disperse the alumina platelets into the aluminum matrix. Significant 
improvement in the elastic modulus of the material is seen in comparison to the matrix. The 
effect of geometrical parameters like the spacing, amount of overlap and volume fraction of the 
ceramic phase on the properties of the composite was studied. Chemical reaction of 20 vol. % 
sulfuric acid on the aluminum foil was used to produce aluminum oxide film of about 5 µm in 
thickness. Several stacks of the aluminum oxide films were hot rolled on to the aluminum foil at 
550 ˚C to break-up the film into small platelets. The volume fraction of alumina could be varied 
just by changing the number of alumina foils. The manufacturing process is illustrated in Figure 
2.8. After a reduction of 65 % of the stack material, the composite was annealed at 500 ˚C for 1 h 
and then cold rolled to a final thickness of about 0.75 mm. The final product was again annealed 
at 500 ˚C for 1 h to remove any residual stresses. Figure 2.9 shows micrographs of composites 




Figure 2.8: Schematic diagram showing the manufacturing of Al-Al2O3 composites using 
anodizing of Aluminum foils [17]. 
     
 
Figure 2.9: Micrograph of Al-Al2O3 composite with (a) 15 vol. %, and (b) 5 vol. % Al2O3 [17] 
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 As stated earlier the properties of MMCs depend heavily on the characteristics of the 
reinforcements and also on that of base metal. In the literature different types, shapes, 
dimensions and geometric arrangements of reinforcements have been described. One of the most 
important aspects of such composite is the interfacial chemistry between the reinforcement and 
matrix. Stiffness and strengthening rely on load transfer across the interface. It is extremely 
important to analyze the load sharing mechanism between the matrix and the harder ceramic 
phase, more importantly the stresses arising from the applied load thus in case of MMCs a strong 
bond is desirable. Interfacial stresses usually arise from the differential thermal contractions and 
applied loads. The interaction between different states of stress is highly complex. The first step 
in understanding the role of interface is to identify various parameters that govern interfacial 
mechanics. In general it depends on the processing routes and thermo-mechanical history. Many 
tests have been devised in the course of time to check for the bond strength in the composite: 
four-point bending, double cantilever beam, single fiber loading and macroscopic interfacial 
shear strength test to name a few. The main idea behind this is to establish critical stress values 
for debonding and to measure the critical strain energies during interfacial cracking. A better 
understanding of the interfacial characteristics requires in-depth knowledge of the above tests 
and is out of the reach of the present work. 
 The concept of load sharing between the matrix and the reinforcements is an important 
part towards a complete understanding of the mechanical behavior of composites. The proportion 
of the external load borne by the individual constituents is usually gauged by the volume-
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averaging of the load within them. A simple mathematical equation that describes the above 
concept is as shown [4]: 
(1-f) σM + f σI = σA                                    (2.3) 
where σM, σI are the volume average stresses in the matrix and inclusions under the external 
stress σA, containing volume fraction f of reinforcements. Thus in a simple two-constituent 
MMC, certain proportion of the external load is carried by the reinforcements and rest by the 
matrix. Reinforcements are considered to be more efficient of the two constituents in carrying 
the load. This results in higher strength and greater stiffness in the composite material. 
 Properties of the composites also depend on elastic/plastic nature of the matrix material. 
For example, even slight amount matrix plasticity near the reinforcements can create a large 
misfit strain and hence transfers the load to the reinforcements. Under such conditions interfacial 
sliding may occur to relax the stresses, this in turn reduces the load borne by the reinforcements 
and the overall load bearing capacity of the composite. This is one of the reasons for selecting a 
ductile material as matrix along with harder ceramic reinforcements.  
 Room temperature tensile tests were carried out by Duret et al. [8] on aluminum based 
MMCs produced using medium pressure infiltration technique; the results show the material to 
have weak anisotropy. Pure aluminum was used as a matrix material instead of aluminum alloys 
to avoid the microstructural changes introduced by alloying elements. The properties of the 
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Table 2.1: Nominal properties of matrix and alumina fibers 
 
Matrix Reinforcement 
Property Value Composition 99 % α-Al2O3
Elastic modulus (GPa) 70 Elastic modulus (GPa) 380 
Shear modulus (GPa) 26 Diameter (µm) 11.5 




Table 2.2: Elastic properties of composite with 50 vol. % alumina 
Property Mechanical testing 
Longitudinal modulus (GPa)  223 ± 10 
Transverse modulus (GPa) 138 ± 5 
Shear modulus (GPa) 52 ± 3 
Poisson’s ratio 0.31 ± 0.01 
 
 
 Ultrasonic wave propagation technique was used to evaluate the elastic properties and to 
confirm the results of tensile tests. Table 2.2 summarizes the results of the tests. The material 
shows good elastic homogeneity, however, clustering of fibers was reported to be inevitable. 
Chemical analysis revealed the presence of brittle phases in the matrix that resulted in slightly 
higher values of the elastic constants. Experiments conducted by Kouzeli and Dunand [10] with 
two different composite architectures showed the importance of phase connectivity on 
mechanical properties of the composite. Liquid metal infiltration technique was used for the 
synthesis of the composites. Discontinuous reinforced composites (DRCs) and Interpenetrating 
phase ceramic-matrix composites (IPCs) with 34 and 37 vol. % of Al2O3 were tested for 
mechanical properties. The results of ultrasonic wave technique showed that in comparison to 
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DRCs, the IPC-34 vol. % had a higher Young’s modulus and a lower value of Poisson’s ratio. 
Increased volume fraction of alumina particles in one of the two IPCs resulted in an increased 
stiffness and a decrease in Poisson’s ratio as shown in Table 2.3. 
 
Table 2.3: Measured elastic properties indicating higher stiffness of the IPCs. 
Composites Young’s Modulus (GPa) Poisson’s ratio (ν) 
DRC-34 116 ± 2 0.320 ± 0.005 
IPC-34 127 ± 2 0.297 ± 0.005 
IPC-37 135 ± 2 0.295 ± 0.005 
 
 
 The effect of pre-strain on the composites was tested and the results showed that there 
was a decrease in the Young’s modulus with increase in the pre-strain in all the composites, the 
rate of stiffness loss increased with decrease in temperature. The effect of pre-strain on the 
evolution of stiffness was greatly dependent on the interconnectivity of the reinforcements; 
DRC’s showed a lower rate of stiffness loss in comparison to IPC-34. 
 In the literature different properties of the composite materials have been reported. For 
example, work done by Imbeni et al. [11] on the aluminum matrix composite that was termed as 
C4 composite with close to 70 vol. % of alumina particles. Displacement reaction between SiO2 
and Al was used to produce alumina. The performance of the above composite was compared 
with two sets of aluminum alloy composites consisting of 17 and 20 vol. % Al2O3. The results of 
mechanical testing are reported in the Table 2.4.  
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Table 2.4: Mechanical properties of three different composites 
 






C4 composite 3.4-3.7 200-240 7-10 500 
AA 6061, 20 vol. % Al2O3 2.9 97 21 160 
AA 6061, 17 vol. % Al2O3 3.0 89 19 335 
Al2O3 (97.5 %) 3.8 340 4 1700 
 
 
 The ceramic phase provides low density, high elastic modulus and high strength; the 
metallic phase is expected to offer high toughness, high thermal and electrical conductivity. 
Abrasive and wear tests conducted on such composite materials have shown that under dry 
sliding conditions, wear was observed to occur at a much higher load than the conventional 
alloys. This, to a large extent was attributed to the microstructural details of the individual 
phases.  Table 2.4 indicates that with an increase in the ceramic volume fraction the elastic 
modulus of the composite material increases. 
 Tensile properties of nanometric Al2O3 particulate-reinforced aluminum matrix 
composite with volume fraction of Al2O3 ranging from 0-7 vol. % were investigated by Kang 
and Chan [15]. Agglomeration of the Al2O3 particles leveled out the effect of strengthening due 
to nanosized particles. Hardness tests were conducted on the composite using Rockwell hardness 
tester with a steel ball (0.159 cm) at 60 kg load. Tensile properties were determined at a strain 
rate of 1.67 × 10-4 s-1. Al2O3 clusters tend to pin the grain boundaries and caused grain 
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refinement. Table 2.5 shows the grain sizes and the hardness values of the composites with 
varying volume fractions of Al2O3.  
 
Table 2.5: Grain sizes and hardness of composites 
 
Al2O3/Al 1 vol.% 2 vol.% 3 vol.% 4 vol.% 5 vol.% 6 vol.% 7 vol.% 
Grain size (µm) 3.0 2.3 1.9 1.2 1.1 1.2 1.3 
Hardness (HRF) 45.6 50.1 57.7 66.6 64.7 63.2 68.4 
 
  
 The results of the tests were compared with micrometer-sized particle reinforced 
aluminum matrix composite with 10 vol. % SiC (13 µm). It was reported that the hardness values 
of the latter composite material is about 48.6 HRF. This shows that even a very small amount (~ 
1 vol. %) of nano-particles in the Al matrix could increase the hardness to a great extent. 
However, the hardness values reached a stagnant point after about 4 vol. % of Al2O3. The 
ductility of the composites decreased as the volume fraction of the reinforcements increased. The 
dislocation density was quite high near the nanosized particles and the dislocations were tangled 
close to the agglomerated particles thus strengthening the composite. Increase in the volume 
fraction from 0 to 7 % also resulted in an increase in the yield strength from 29 to 40 MPa, this 
was related to the particle-dislocation interaction and the residual dislocation loops left around 
the particles after the dislocations passed the particles. Uniform distribution of the 
reinforcements was not achieved and hence the calculated yield strength values were much 
higher than expected. The rate of increase in the yield strengths diminished as the volume 
fraction of the reinforcements exceeded 4 %, this was attributed to the fact that with an increase 
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in the volume fraction the grain boundaries tend to get saturated with nanosized particles and no 
further grain refinement occurs. This in turn lowers the strength and ductility of the composite. 
Fracture analysis of the composite revealed that large voids formed close to the grain boundaries, 
inclusions in the matrix link together as the amount of particulates increase. Large amounts of 
nanosized alumina particles in the voids could initiate cracks thereby decreasing the ductility 
without an effective increase in the strength.   
  Composites with low volume fractions of fiber reinforcements were tested for wear 
resistance by Iwai et al. [16]. Composites were produced using high-pressure low-speed die-
casting fabrication technique with the volume fraction of the reinforcements ranging between 
0.03 and 0.26. The literature reports that the decrease in the wear rate is accelerated with increase 
in the volume fraction of the ceramic phase. The mechanical properties of the test specimen are 
listed in Table 2.6. 
 
Table 2.6: Mechanical properties of the composites with 3-26 vol. % Al2O3
Vol. fraction (Vf) 0 0.03 0.05 0.09 0.10 0.15 0.19 0.26 
Fiber length (µm) - 200 200 100 100 100 50 40 
Fiber dia. (µm) - 4 4 4 4 4 4 4 
Density (g/cm3) 2.70 2.68 2.66 2.68 2.70 2.70 2.73 2.74 
Young’s modulus (GPa) 81 80 83 78 90 84 90 - 
Yield strength (MPa) 103 90 89 99 105 96 116 - 
Tensile strength (MPa) 208 159 155 201 233 185 187 - 
Elongation (%) 2.3 1.5 1.7 1.0 1.4 1.0 1.3 - 
Vickers hardness, HV 91 89 94 109 110 115 128 136 
Brinell hardness, HB 61 58 69 75 82 83 82 102 
 
 
 No correlation could be drawn between the length of the fiber and most of the mechanical 
properties. Steady state wear was observed with higher volume fraction of reinforcements. In the 
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MMCs with volume fractions higher than 0.09, the plastic flow is prevented because of the fine 
grain size of matrix and the dispersed alumina fibers tend to effectively prevent the occurrence of 
severe wear. 
 Composites obtained from Al foil anodizing technique were studied by Yu and Lee [17]. 
Finite element model was used to predict the elastic-plastic properties of the material over a wide 
range of microscopic parameters. High stress interfacial regions were studied using a fine 
element mesh that assumes the short fibers to be in a regular symmetric array and the bonding 
between the matrix and the reinforcements to be perfect. Local stress field is significantly 
affected by the large difference between in the Young’s modulus values of the ceramic and 
matrix phases. It was reported that shear stress varied sharply near the tip of alumina platelets. 
Interfacial shear stresses caused the load to transfer onto the platelets. Stresses along the loading 
direction were almost constant in the matrix material but tend to increase sharply at the 
interfaces. With increasing volume fraction of alumina, higher force is required to produce an 
average strain thus resulting in an increase in normal stress.   
 
 
Figure 2.10: Stress vs. vol. fraction for matrix, fiber and composite [17]. 
 
 Figure 2.10 shows the average value of the normal stress in matrix, reinforcements and 
the composite for different volume fractions of alumina indicating that the reinforcements carry 
about twice the normal stress compared to the matrix. Elastic moduli values obtained from FEM 
analysis and from tensile tests for different volume fractions of ceramic phase showed a close 
match and illustrate that the modulus increases linearly with the volume fraction of alumina. As 
the composite is manufactured in layers the spacing between the alumina particles also plays a 
critical role in determining the elastic modulus. It is observed that the modulus increases with 
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2.4  Applications 
  
 MMCs have already made their mark in terms of their applications. A wide variety of 
automotive products like, brake rotors, pistons and camshafts have been produced in bulk.  
Products for electronic applications and those with structural importance have been devised viz., 
golf clubs, bicycles, machinery components, electronic substrates, extruded angles and channels  
[18]. Composites reinforced with tungsten alloy fibers are being developed for components in jet 
turbine engines that operate at temperatures above 1830 °F. Copper reinforced with aluminum 
oxide particles is used in heat sinks and electronic packaging. Titanium reinforced with silicon 
carbide fibers is under development as skin material for the National Aerospace Plane. Stainless 
steels, tool steels, and Inconel are among the matrix materials reinforced with titanium carbide 
particles and fabricated into draw-rings and other components for high-temperature applications. 
Al-composites have almost unlimited applications in space research, tubular struts, rib truss, and 
the landing gear link for the space shuttle to name a few. Radiator panels, battery sleeves, power 
semiconductor packages, microwave modules, black box enclosures and printed circuit board 
heat sinks are few other space applications of such composite materials. Near-net shape 
components have been produced by pressure infiltrating uniaxial Nextel™ 610 preforms in 
molds. Examples include pushrods for automotive racing engines, compression pins, reinforced 
rings for high speed electric motors and guidance fins for gun-launched projectiles.   
 The literature survey was devoted to variety of processing technique used in the past for 
the manufacturing of Al-Al2O3 composites with different volume fractions, shapes and sizes of 
Al2O3. The intention was to have an overview of the past researches in the field of the above 
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composites and recent advances in terms of application of such materials [19]. Literature survey 
was mainly divided into the three parts: (1) Materials used for the manufacturing, (2) Processing 
route employed and (3) Testing and results in terms of the mechanical and physical properties. 
Table 2.7 summarizes the outcome of the survey. 
 
Table 2.7: Different processing methods and properties 
Composite type/process Reinforcements/matrix Main features 
Liquid state processing Alumina/light alloy matrix Modest improvement in 
properties 
Infiltration of preforms Al2O3 fibers/Al Good stiffness, strength 
Spraying Particulate, short and long 
fibers/Al alloy matrix 
Good stiffness, strength and 
low thermal expansion coeff. 
Anodizing Al rolls and 
consolidation 
Al2O3 particulate/Al Modest strength and ductility 
Displacement reaction Al2O3, Si/Al High toughness and strength 
In-situ processing α-Al2O3/Al alloys Homogeneous distribution 
and good wear resistance  
 
 
 The main objective of the present research is to explore the possibilities of producing 
composites with uniform dispersion of ceramic reinforcements at relatively higher volume 
fraction with the use of nanosized particles followed by microstructural and mechanical 
characterization. One of the main challenges towards a homogeneous distribution of ceramic 
phase in the metal matrix is the selection of appropriate processing technique. Mechanical 
alloying technique was employed in the synthesis of composite powders because of its simplicity 
and low cost of operation. Detailed information of the process is given in chapter 3. 
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 High energy ball mill processing has been used for the last 40 years to process several 
materials and its commercial use appeared in the mid 60’s after Benjamin and coworkers 
produced superalloy powders reinforced by oxide dispersion using this technique [20]. 
Mechanical Alloying (MA) is a dry powder processing technique that allows production of 
homogeneous materials from blended elemental powders such as alloys, composites, 
intermetallics and ceramics at relatively low cost. The term “Mechanical Alloying” was coined 
by Ewan C. Macqueen an attorney for International Nickel Company (INCOTM) [21]. The basic 
principle is the repetitive cold welding and fracture of the metallic and non-metallic particles 
under highly energetic impact of the mill balls. 
 MA involves milling of the raw material powders in a mill along with the grinding 
medium (steel or tungsten carbide balls). Milling is continued till every powder particle has the 
same composition as the proportion of the elements in the starting powder blend. Uniform 
dispersion of the reinforcement phase is achieved.    
 The term Mechanical alloying has been interpreted in many different ways. Earlier 
definitions were confined to dry processing of material, however there have been some examples 
of wet processing. Mechanical alloying can also be defined as the process of combining two or 
more elements, applying mechanical methods for deformation (milling, rolling and pressing) that 
directly or indirectly produces the desired alloy. These definitions, however, would be best suited 
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if the process was restricted to metallic alloy production. Nanocrystalline materials have also 
been produced from single or a mixture of elemental powders that are structurally and 
chemically similar using the MA technique. In general MA has been used by earlier researchers 
to prepare a variety of alloyed powders with metastable phases and/or microstructures [22]. 
Metallic alloys phases can be synthesized using MA of oxide and halide powders along with 
reducing agents. Amorphous alloys can be prepared by MA using mixtures of crystalline 
elemental powders. These amorphous powders can be consolidated into large shapes called bulk 
amorphous metallic alloys or bulk metallic glasses (BMGs).    
 
3.2  Process of Mechanical Alloying
 
 Desired proportions of the powders are mixed and loaded in the milling container along 
with the grinding medium. The time of milling is determined by the amount of homogeneity 
required in the material. As described in the earlier section, mechanical alloying involves 
repeated cold welding, fracturing and re-welding of powder particles, this is achieved by the 
repeated collisions between the grinding medium (usually steel or tungsten carbide balls) in the 
milling container called the “Vial” (Figure 3.1) made of hardened steel or tungsten carbide. 
Figure 3.2 illustrates that during each collision the powder particles get trapped between the 
colliding balls, between the ball and the inner surface of the vial and undergo severe plastic 
deformation. This results in the formation of cold welds and building up of composite metal 
particles consisting of various combinations of starting powder mixture [23]. The average 
particle size increases as the process continues. In course of time the larger particles cannot 
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sustain the immense forces of plastic deformation and tend to fracture and eventually become 
finer. A balance is achieved between the rate of welding that increases the average composite 
particle size and the rate of fracturing that decreases the average composite particle size [22], this 
leads to a steady-state particle size distribution of the composite metal particles [24]. The 
continuous interaction between the fracture and welding mechanisms tend to refine the grain 
structure thereby resulting in uniformly distributed particles in the metal matrix [25].  
 Studies have shown that the structural transformations and the end product of the milling 
process depend on the chemical properties of the material being milled, the type of the milling 
device and on specific milling parameters [23] like milling speed, milling time, grinding medium 
used, ball-to-powder weight ratio, temperature, milling atmosphere and process control agents, to 
name a few. These process variables are briefly discussed in the next section. Apart from the 
above physical parameters, a few other factors that are equally important from the analytic point 










Figure 3.2: Schematic representation of (a) Powder particles trapped between the balls, (b) 
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3.3  Important Components of Milling  
 
 The important components of MA process are the raw materials, milling equipment and 
the process variables [21]: 
 
3.3.1  Raw Materials  
 
 Commercially pure powders with particles sizes ranging from 1 to 200 µm are usually 
employed for the MA process. The particle size is not crucial because it decreases exponentially 
during milling with time. Composites are usually manufactured using oxide particles dispersed in 
the matrix material. In most of the cases the metal content is higher than the reinforcements, the 
reason for this being the metal phase acts as a primary binder. However, recent studies have 
shown that brittle materials can be milled effectively without the use of any binding agent. In the 
present work dry milling of powders is carried out, the main advantage being the contamination 
of the milled powders (caused by erosion of the milling medium, gas leaks into the vials or from 
process control agent) can be minimized and thus a better control over the entire milling process 





3.3.2  Types of Mills 
 
 Different types of milling equipment are available for the mechanical alloying of  
powders. Three different types of mills were used in this case and they differ in their capacities 
and efficiency of milling.  
 
3.3.2.1  SPEX Shaker Mills
 
 Shaker mills as shown in Figure 3.3 are the ones most commonly used for milling of 
composite powders, with a capacity of about 10 g of powder per run. SPEX Certiprep, 
Metuchen, NJ, manufactures the mills; two different shaker mills used in this case are SPEX 
8000M and 8000D.  
 




Vial 1 Vial 2
Figure 3.3:  SPEX Certiprep 8000D mixer mill  
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 The main difference between the two mills is in the number of milling containers or the 
vials that can be clamped, with the M series using one vial and the D series offering two vials. 
The vial is clamped and swung energetically back and forth several thousand times a minute, 
along with lateral movement, thus sketching out infinity sign as they move. The rotational speeds 
are high and can reach up to 1200 rpm; this is the reason that the SPEX mills are considered as 
high energy mills. The main advantage of mills with two vials is that an increased output of the 
powders can be obtained. Since a major fraction of the energy input is converted into heat, forced 
cooling is used to allow minimization of temperature rise.  
 
3.3.2.2  Planetary Mills
 
 Planetary mills are used for bulk powder preparation, the main advantage being the high 
output of milled powders, a few hundred grams. The planetary mill used in this case is 
manufactured by FRITSCH GmbH, Germany, as shown in Figure 3.4. The base plate rotates and 
causes the vials to rotate in a planetary motion around their axes. The centrifugal force causes the 
powders to be ground by the balls. The mill has four milling stations and each can accommodate 




Figure 3.4:  FRITSCH GmbH, planetary mill  
 
 The vials in this type of mill are larger in size and capacity thus the balls have more room 
inside causing the energy transmission to be much lower than the SPEX mills, for this reason 
they are considered as low energy mills. 
 
3.3.3  Process Variables  
 
 Different parameters tend to affect the process of mechanical alloying; optimization of 
the variables is thus a very important part of the entire process. The most important variables are 
listed below: 
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3.3.3.1  Milling Speed and Time
  
 Milling speed has a crucial role to play in the process of MA. It is quite obvious that 
higher the speed higher is the rate of energy transfer to the powder and lower is the milling time 
to achieve the desired homogeneity. However, there is a limit to the maximum speed that can be 
used. For example in the case of conventional ball mills, at higher speeds the balls tend to stick 
to the walls of the vial and thus are incapable of transferring energy to the powder particles. Thus 
the maximum speed selected should be lower than this critical value. At higher speeds the 
temperature of the system may increase and may accelerate the transformation process and 
results in the decomposition of the solid solution or crystallization of amorphous phase. “Milling 
time” is the time required to achieve a steady state between the fracturing and cold welding of 
the powder particles. The milling time varies for each powder system, however, the level of 
contamination increases with unwarranted excessive milling.  
 
3.3.3.2  Milling Medium
 
 Hardened steel, tool steel, stainless steel, tempered steel, chromium steel and WC-Co are 
the most common types of materials used for the milling medium. In most of the cases the 
milling container and the grinding balls used are made of the same material to avoid any cross 
contamination of the powder. Proper selection of the vial set (vial and balls) is critical and the 
density of the milling medium has to be high enough to create enough impact force on the 
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powder. The size of the balls also plays a significant role; the larger the size of the balls higher is 
the energy transfer. Smaller balls are reported to favor metastable phase formation.  
 A combination of different sizes of balls was used in case of the Al-Al2O3 system to 
obtain higher collision energies. It is reported that a combination of different ball sizes 
minimizes the amount of cold welding of the powders on the surface of the balls and the internal 
surface of the vial. The main reason for this is attributed to high shear forces developed between 
the balls of different sizes that tend to detach the powder coatings from the surface of the balls. 
 
3.3.3.3  Ball-to-Powder Weight Ratio  
 
 It is the ratio of the weight of the balls to the powder (BPR), also referred to as charge 
ratio (CR). BPR of 10:1 is the most common for small capacity mills. The effect of BPR on the 
milling time is significant; higher the BPR shorter is the milling time to achieve a particular 
constitution of the powder. High ball-to-powder ratios imply higher weight proportion of balls 
and in turn higher number collisions per unit time. In general the BPR should be appropriately 
chosen according to the maximum capacity of the vial. In most of the cases the extent of filling 
the vial is about 50 % of its volume, i.e., half of the vial space is left empty for optimum results. 
 
3.3.3.4  Process Control Agent
 
 The main purpose of the process control agent is to avoid any unwarranted and excessive 
cold welding of the powder particles onto the internal surfaces of the vial and to the surface of 
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the grinding medium during the heavy plastic deformation, as is the case in MA. The process 
control agent (PCA), also referred to as lubricant or surfactant, is added to the powder mixture to 
reduce the effect of cold welding. About 1-1.7 wt. % stearic acid is often used as PCA during 
MA of powders. The PCA gets adsorbed onto the surface of the powder particles and minimizes 
the effect of cold welding and thus inhibits agglomeration. The powder particle size tends to 
increase if the weight proportion of PCA to powder is below a critical value, while it decreases 
above this value as the PCA lowers the surface tension of solid materials. 
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CHAPTER 4: EXPERIMENTAL PROCEDURES 
 
 The present chapter describes the entire process of powder production, structural 
characterization, consolidation of the milled powder to full density, and mechanical testing.  
 
4.1  Raw Materials   
 
Al2O3 powders (50 nm, 150 nm) of 99.99 % purity were obtained from Dalian Luming 
Nanometer Material Co., Ltd. China, and 5 µm alumina powders obtained from METLAB 
Corporation. Pure Al powder of 99.8 % purity and –40+325 mesh (44 µm) was obtained from 
Alfa Aesar Corp. The process of composite powder synthesis is described in the section below: 
 
4.2  Powder Synthesis  
 
 The pure powders were carefully mixed with the required volume fraction of alumina in 
mind. The process of mixing was done in an argon atmosphere inside the glove box to eliminate 
any contamination resulting from handling of powders in the atmospheric conditions. SPEX 
mills were used in the production of the composite powders. About 10 g of the powder mixture 
was loaded into the vials to maintain the 50 % free space for the balls to move and in turn 
transfer energy to the material for optimum results. In order to study the effect of increasing 
volume fraction and particle size of Al2O3 on the microstructural and mechanical properties of 
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the composite, nine different sets of powders were prepared with volume fractions of 20, 30 and 
50 vol. % Al2O3 and particle sizes of 50 nm, 150 nm and 5 µm. Table 4.1 shows the data sheet 
for Al-20 vol. % Al2O3 (50 nm, 150 nm and 5 µm). It is seen that the amount of charge or the 
initial powder mixture is close to 10 g, the reason for this being the ball-to-powder ratio of 10:1 
is maintained as seen in the literature for better results.  
 
 
Table 4.1: Data sheet for Al-20 vol. % Al O  (50 nm, 150 nm and 2 3 5 µm)
 
Al-20 vol.% Al2O3 50 nm 150 nm 5 µm Units 
Purity of Al2O3 99.99 99.99 99.98 % 
Purity of Al 99.8 99.8 99.8 % 
Particle size of Al -40 + 325 mesh -40 + 325 mesh -40 + 325 mesh - 
Ball size (Diameter) 0.635, 0.47625 0.635, 0.47625 0.635, 1.27 cm 
Total wt of balls 99.76 99.76 100.706 g 
Wt. of charge powder  9.976 9.976 10.070 g 
Stearic Acid 0.1 0.1 0.15 g 
BPR 10:1 10:1 10:1 - 
Density of Al2O3 3.96 3.96 3.96 g/cc 
Density of Al 2.6989 2.6989 2.6989 g/cc 
Vol. Ratio: V (Al2O3) / V (Al) 0.25 0.25 0.25 - 
Wt. Ratio: W (Al2O3) / W (Al) 0.3668 0.3668 0.3668 - 
Wt. of Al2O3 required 2.6773 2.6773 2.7027 g 
Wt. of Al required  7.2987 7.2987 7.3679 g 
 
 
 The size of the balls also plays a critical role and hence the balls of two different sizes 
(6.35 and 4.76 mm) were used. The total weight of the balls was close to 100 g (10:1 BPR). To 
minimize the sticking of the soft aluminum powder to the inner walls of the vial and the ball 
surface, about 1-1.5 wt. % of stearic acid was added as a process control agent (PCA). Table 4.1 
indicates the weight of aluminum and alumina required to produce the desired composition of 
  46 
 
 
Al-20 vol. % Al2O3 for all the three different sets of powders in grams. Milling is continued in 
the SPEX mills and a timesheet maintained to keep track of the number of hours milled. 
Overheating of the vials was avoided by using forced cooling mechanism. Samples were taken 
out at 1, 7, 15, 20 and 24 h for 20 vol. % 50 nm composite powders and at 3, 8, 15, 24 h and 24 h 
for the 150 nm and 5 µm composite powders respectively to check for the distribution of Al2O3 
in the Al matrix. As the amount of powders that can be milled in the SPEX mills is very less, 
there was a need to use another milling machine that could give us the possibility of producing a 
larger amount of powder in a single run. Thus a bigger planetary mill (FRITSCH GmbH) was 
used for the bulk powder production. About 250 g of powder could be prepared in a single run 
with the use of the planetary mill. However, there was not a need for huge amounts of powder 
and hence just 50 g of powder was initially prepared. The data sheet for the bulk production in 
the case of Al-20 vol. % Al2O3, 50 nm and 150 nm composite powders is shown in Table 4.2. 
The purity and the particle sizes remain the same. The size of the vials in this case is much larger 
and hence balls of larger diameter could be used without much change in the properties of the 
material being milled. Milling of the powders had to be done for longer hours as the amount of 
energy transfer was less in this case in comparison to the SPEX mill. The samples were taken out 
at 50 h and 100 h of milling and the distribution of alumina in the matrix checked with the aid of 
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Table 4.2: Data sheet for bulk production of Al-20 vol. % Al2O3 (50 nm and 150 nm) 
 
Al-20 vol.% Al2O3 50 nm 150 nm Units 
Purity of Al2O3 99.99 99.99 % 
Purity of Al 99.8 99.8 % 
Particle size of Al -40 + 325 mesh -40 + 325 mesh - 
Ball Size (Diameter) 0.635, 0.47625, 1.27 0.635, 0.47625, 1.27 cm 
Total wt of balls 500.564 500.564 g 
Wt. of charge powder  50.0564 50.0564 g 
Stearic Acid 0.750 0.750 g 
BPR 10:1 10:1 - 
Density of Al2O3 3.96 3.96 g/cc 
Density of Al 2.6989 2.6989 g/cc 
Vol. Ratio: V (Al2O3) / V (Al) 0.25 0.25 - 
Wt. Ratio: W (Al2O3) / W (Al) 0.3668 0.3668 - 
Wt. of Al2O3 required 13.4338 13.4338 g 
Wt. of Al required  36.6226 36.6226 g 
 
 
 To study the influence of increasing volume fraction of the alumina particles on the 
properties of the composite material, Al-30 vol. % Al2O3 (50 nm, 150 nm and 5 µm) was milled 
and the data sheet is shown in the Table 4.3. Samples were taken out at 14, 21 and 24 h for 30 
vol. % 50 nm composite powders and at 24 h for both the 150 nm and 5 µm composite powders 
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Table 4.3: Data sheet for Al-30 vol. % Al2O3 (50 nm, 150 nm and 5 µm) 
 
Al-30 vol.% Al2O3 50 nm 150 nm 5 µm Units 
Purity of Al2O3 99.99 99.99 99.98 % 
Purity of Al 99.8 99.8 99.8 % 
Particle size of Al -40 + 325 mesh -40 + 325 mesh -40 + 325 mesh - 
Ball Size (Diameter) 0.635, 0.47625 0.635, 0.47625 0.635, 1.27 cm 
Total wt of balls 101.75 101.75 100.45 g 
Wt. of charge powder  10.175 10.175 10.045 g 
Stearic Acid 0.15 0.15 0.15 g 
BPR 10:1 10:1 10:1 - 
Density of Al2O3 3.96 3.96 3.96 g/cc 
Density of Al 2.6989 2.6989 2.6989 g/cc 
Vol. Ratio: V (Al2O3) / V (Al) 0.4285 0.4285 0.4285 - 
Wt. Ratio: W (Al2O3) / W (Al) 0.6287 0.6287 0.6287 - 
Wt. of Al2O3 required 3.9278 3.9278 3.8770 g 
Wt. of Al required  6.2472 6.2472 6.1670 g 
 
 
 In order to study the effect of BPR on microstructural and mechanical properties of the 
composite material a new set of composite powders were milled (Al-20 vol. % Al2O3, 50 nm) 
with a BPR of 5:1, data sheet is shown in the Table 4.4. Samples were taken at regular intervals 
of time (7, 15, 25 and 30 h) and analyzed using XRD and SEM for the crystal structure and the 







  49 
 
 
Table 4.4: Data sheet for Al-20 vol. % Al2O3 (50 nm, 5:1 BPR) 
 
Al-20 vol.% Al2O3 – 5:1 BPR 50 nm Units 
Purity of Al2O3 99.99 % 
Purity of Al 99.8 % 
Particle size of Al -40 + 325 mesh - 
Ball Size (Diameter) 0.635, 0.47625 cm 
Total wt of balls 100.22 g 
Wt. of charge powder  20.044 g 
Stearic Acid 0.25 g 
BPR 5:1 - 
Density of Al2O3 3.96 g/cc 
Density of Al 2.6989 g/cc 
Vol. Ratio: V (Al2O3) / V (Al) 0.25 - 
Wt. Ratio: W (Al2O3) / W (Al) 0.3668 - 
Wt. of Al2O3 required 5.3793 g 
Wt. of Al required  14.6647 g 
 
  
 Al-50 vol. % Al2O3 with particle size of 50 nm, 150 nm and 5 µm powders were milled 
in order to study the effect of increasing volume fraction and particle size. The BPR in this case 
was kept the same (10:1), and milled for 24 h. The data sheet of the powder mixture in given in 
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Table 4.5: Data sheet for Al-50 vol. % Al2O3 (50 nm, 150 nm and 5 µm) 
Al-50 vol.% Al2O3 50 nm 150 nm 5 µm Units 
Purity of Al2O3 99.99 99.99 99.98 % 
Purity of Al 99.8 99.8 99.8 % 
Particle size of Al -40 + 325 mesh -40 + 325 mesh -40 + 325 mesh - 
Ball Size (Diameter) 0.635, 0.47625 0.635, 0.47625 0.635, 0.47625 cm 
Total wt of balls 100.10 100.10 100.31 g 
Wt. of charge powder  10.01 10.01 10.031 g 
Stearic Acid 0.15 0.15 0.15 g 
BPR 10:1 10:1 10:1 - 
Density of Al2O3 3.96 3.96 3.96 g/cc 
Density of Al 2.6989 2.6989 2.6989 g/cc 
Vol. Ratio: V (Al2O3) / V (Al) 1.0 1.0 1.0 - 
Wt. Ratio: W (Al2O3) / W (Al) 1.4673 1.4673 1.4673 - 
Wt. of Al2O3 required 5.9529 5.9529 5.9654 g 
Wt. of Al required  4.0571 4.0571 4.0655 g 
 
 
4.3  Structural Analysis
 
 X-ray diffraction technique was used to identify the crystal structure and the phases 
present in as-received and the mechanically alloyed composite powders. Distribution of Al2O3 
particles in the Al matrix was checked with the aid of SEM imaging.  
 
4.3.1  X-ray Diffraction 
 
 From the literature it was quite clear that the four major peaks in X-ray diffraction 
patterns of aluminum would be in the 2θ range of 20˚ to 80˚. For this reason the patterns were 
recorded for the above 2θ range with a step size of 0.05˚, and a scanning rate of 1.5 
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degrees/minute. The wavelength used to compute the d – spacing is that of a Cu Kα1 (λKα1 = 
0.154056 nm). The tube current and the voltage were kept at 30 mA and 30 kV respectively.  X-
ray diffraction equipment is Rigaku-DXR 3000.  
 The diffraction condition is described by the Bragg’s law that relates the wavelength of 
the X-ray beam to the spacing of the atomic planes. The actual equation is of the form [26]:  
 λ= 2dsin θ                      (4.1) 
 The above equation is extremely important in the determination of the crystal structure of 
the materials. It is assumed that the diffracted beam makes the same angle θ with the atomic 
planes as with the incident beam; d is the spacing between the planes when the higher order 
reflections are considered as the first order reflections. The diffraction patterns are recorded with 
the intensity of the peaks on Y axis and the measured diffraction angle 2θ along the X axis. The 
experimental diffraction patterns were compared with the standard patterns of aluminum and 
alumina and the results are discussed in the later chapters. 
 
4.3.2  Scanning Electron Microscopy (SEM)
 
 SEM images of the Al-Al2O3 composite powders were taken using JEOL-JSM 6400 F 
scanning electron microscope. The equipment uses a cold cathode field emission source, has a 
resolution of 1.5 nm and a maximum magnification of 500,000X. The maximum size of the 
specimen that be can accommodated is a cylinder of about 32 mm diameter and 20 mm in height. 
Digital images can be captured using GENESIS EDAX software that gives the flexibility of 
image control while still being able to adjust the contrast and brightness on the SEM. The main 
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aim of the SEM analysis was to check for the uniform distribution of alumina particles in the 
aluminum matrix. As discussed earlier, the uniform distribution of alumina is one of the most 
important requirements for achieving excellent mechanical and physical properties of the 
composite. Secondary electron images were used for the analysis of the composite powders. 
These electrons are produced near the surface of the sample, from a small area around the beam 
tip [27]. The resolution of the image is therefore very good because the beam is only a few 
nanometers in diameter [28]. Backscattered electron images were also taken; however, the image 
quality was not as good as the one taken with the secondary electrons.  
 
4.4  Consolidation of Alloyed Powders 
 
 Consolidation of the milled powders was done in two steps consisting of pre-compaction 
of the powders into small compacts of desired size at room temperature followed by hot-isostatic 
pressing at higher temperatures close to the melting point of aluminum. The details of the two-
processes are discussed in brief in the following paragraphs. 
  
4.4.1  Pre-Compaction  
 
 Pre-compaction of the milled powders was carried out with the aim of easy handling 
during hot isostatic pressing (HIPing) process. Samples ½" in diameter and 1¼" in height were 
compacted using a hardened steel pre-compaction die set (Figure 4.1) using a cold press.  
 
 
Figure 4.1: Pre-compaction die set    
 
 Compaction was carried out using a thin graphite sheet for lubrication purposes, i.e., to 
assist easy removal of the compact from the die. However, it turned out to be a disaster as the 
graphite sheets tend to get locked between the layers of the compact. This resulted in the 
disintegration of the compacts during the sintering process.  
 
 
Figure 4.2: Disintegrated specimen with layers of graphite 
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 Figure 4.2 shows the disintegrated specimen with clear indications of the interference of 
graphite sheets with the powder compacts. This problem was avoided by the use of dry film 
polytetrafluoroethylene (PTFE) lubricant spray. The main advantage with the use of PTFE is that 
it provides stable lubrication even at higher loads and does not have detrimental effect on the 
post-compacted samples. Figure 4.3 shows a sample piece of the final pre-compact that is ready 
to be HIPed. Thin walled aluminum tubes were used for HIPing, shown in Figure 4.4. The tube 
was made of an aluminum alloy (Al-6061, T6) with an internal diameter of ½" and a wall 
thickness of 0.0177". The total length of the specimen including the crimp tubes is kept slightly 
less than 6" as shown in Figure 4.5 because the maximum size of the specimen that can be 
accommodated in the HIP machine is about 6". Two sets of the tubes with 20, 30 and 50 vol. % 
(50 nm, 150 nm and 5 µm) alumina were prepared. The samples were arranged in the tube as 
shown in Figure 4.6. The position of the samples is clearly marked with a permanent marker pen. 
The tubes during the HIPing process get crushed under the immense pressure and thus it is not 
possible to identify the exact location of the samples as the markings tend to get wiped off. For 




Figure 4.3: Sample piece after pre-compaction 
 
 
Figure 4.4: Thin walled Al tube used for HIPing  











Figure 4.6: Position of the samples in the tube 
 
 The tubes were filled with the required sample powder compacts and separated using 
high purity Al foil. The tubes were then sealed under a vacuum of 10-6 Torr at both the ends to 
allow proper transferring of force during the HIPing. The next step was HIPing of the tubes to 
achieve fully dense samples. 
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4.4.2  Hot Isostatic Pressing (HIPing)  
 
 Hot Isostatic Pressing (HIP) is a process for densification of castings and powder 
metallurgy products. The mechanical performance of these products depends on the distribution 
and volume fraction of porosity. High porosity has a detrimental effect on properties like fracture 
toughness, fatigue resistance and tensile strength. The porosity in case of powder metallurgy is in 
the form of holes between the powder particles [29]. The basic function of HIP is to uniformly 
heat the sample while gas pressure (argon, nitrogen, air or helium) is applied to all surfaces, with 
accurate control of temperature and pressure. It is assumed that because of the isostatic nature of 
pressure application the shrinkage of shapes would be proportional.   
 
 
Figure 4.7: Layout of the hot isostatic press [30] 
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 A HIP system is basically a pressure vessel [30] as shown in Figure 4.7. The heating is 
done by means of an electric heating element with the walls insulated from the outer shell. The 
pressure can only be transmitted to the interior of the component if the surface is sealed using 
metal cans. The high-pressure then presses on the exterior of the can and the residual gases from 
within the specimen bubble-out and are eliminated [31]. The container or the “can” material used 
in the present work is a thin walled aluminum tube (Al-6061-T6) with an internal diameter of 
½". Container-less variant of HIP is possible, when the density of the compacts is above 90 % of 
the theoretical density.   
 
In the present work the HIPing equipment used is an American Isostatic Press – AIP10-30H. The 
HIPing parameters used were: 
Pressure:   45,000 psi 
Temperature:   630-640 ˚C 
Hold time: 2 hours 
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 4.5  Mechanical Characterization
 
4.5.1  Compression Testing 
 
 Compression test determines the behavior of the material under compressive loads. The 
material is compressed at various loads and the deformation is recorded accordingly. 
Compressive stress vs. compressive strain curve is plotted for different materials to determine the 
elastic limit from the initial slope, proportionality limit, yield strength using the 0.2 % offset 
strain principle and compressive strength from the maximum stress attained before failure. The 
compression test is a useful tool to determine the properties of brittle materials or materials with 
low ductility. In all cases, the ratio of length to diameter of the specimen is kept as, L/D = 2.5 
[32]. At higher L/D ratios, buckling of the specimen causes the results to deviate from the 
expected ones.  Compressive stress can be calculated using the equation: 
σ = F/Ai                 (4.2) 
where F is the instantaneous load applied perpendicular to the specimen cross section, in units of 
Newton (N) or pounds (lb), and Ai is the original or initial cross-sectional area before any load is 
applied (m2 or in.2). The units of compressive stress are in MPa or Psi. Compressive strain is 
defined according to the equation: 
ε = (li-lf)/li = ∆l/li              (4.3)   
where li is the initial length of the specimen before any load is applied, lf is the final length, and 




 Nanoindentation tests provide an effective tool to work with much smaller volume of 
materials than conventional tests. Load-displacement (P-h) curve shown in Figure 4.8 consists of 
a loading curve that characterizes the resistance of the material against the penetration of the 
indenter and an initial part of the unloading curve that describes the elastic recovery of the 
indent. When the load is removed, the material tries to regain its original shape but due to plastic 
deformation its complete recovery is not possible.  
 
 
Figure 4.8: Load-Displacement curve with labeled parameters [33] 
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  In Figure 4.8, Pmax is the maximum load applied at the indenter tip. hmax is the maximum 
displacement of the indenter into the material at Pmax. S is the slope of the initial portion of 
unloading curve, hp is the plastic displacement and hr is the residual displacement after complete 
removal of the indenter. Mean contact pressure [33] is taken as the indentation hardness (H) of 
the material and is calculated by dividing the load applied at the indenter by the projected area of 
the contact. Elastic modulus determined from the initial slope of the unloading portion of the P-h 
curve is termed as indentation modulus of the material. In a typical nanoindentation test, load 
and depth of penetration of the indenter into the material are recorded as load is applied from 
zero to a maximum value followed by a steady withdrawal from maximum to zero load and is 
schematically shown in Figure 4.8. For the case of a sharp indenter, analysis of the load-
displacement curve can be done following the Oliver and Pharr method [34]. The slope of the 
initial portion of the unloading curve can be used to determine the unloading stiffness (by 
extrapolating to zero loads) and the extrapolated depth to calculate the area of contact. For the 
case of spherical indenter elastic contact between the indenter and the material surface 
(considered to be of infinite radius of curvature) is taken into account and it has been shown that 
the relation between the load (P) and depth of indentation (h) is given as [35]: 
P = Ch3/2                  (4.4) 
where C = (23/2E*D1/2)/3                (4.5) 
D is the diameter of the indenter and E* is the reduced modulus and is given as: 
E* = [(1- υ2)/E + (1- υ2i)/Ei]-1                          (4.6) 
where E and υ are the elastic modulus and Poisson’s ratio of the material and subscript i 
indicates the respective properties for the indenter. 
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The P-h response (loading) of the material contains the initial elastic portion and can be fitted 
with a 3/2 power fit to calculate the constant C in equation (4.5) and the elastic modulus from 
equation (4.6). Hence the elastic portion should have the slope of 3/2 on a log P vs. log h plot. 
Any deviation from this slope indicates onset of large scale inelastic deformation. From this load, 
at which deviation from elastic deformation is observed, the maximum shear stress can be 
obtained as given by [36]:                     
τmax = 0.31[6.P.E*/π3.R2]1/3                 (4.7) 
For a material following a Von Mises’ yield criterion, the yield stress is related to maximum 
shear stress by [37]: 
σ0 = 31/2. τmax                 (4.8) 
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CHAPTER 5: RESULTS AND DISCUSSION 
    
 In the previous Chapter we have discussed the experimental procedure that was followed 
to accomplish the objectives. In this chapter results of the above experiments are described. 
Determination of the crystal structure and the phases present in the as-received and milled 
powders was done using the X-ray diffraction technique. This was followed by SEM analysis of 
the powders to check the distribution of Al2O3 in the Al matrix. This was followed by the 
consolidation of the milled powders to full density and then mechanical characterization of the 
composite using the nanoindentation technique and compression testing.  
 
5.1  X-ray Diffraction
 
 Standard X-ray diffraction patterns for Al2O3 and Al are given in Figure 5.1 and 5.2, 
respectively. The experimental X-ray diffraction patterns of as-received pure Al, Al2O3 and 
mechanically alloyed composite powers are shown in figures that follow. These patterns are then 
compared with the standard patterns to check for the phases present in them.  
 
 
Figure 5.1: Standard XRD pattern for alumina [38] 
 
 
Figure 5.2: Standard XRD pattern for pure Aluminum [38] 
 



































Figure 5.4: Experimental XRD pattern of as-received pure alumina 
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Al. - 20vol. % Alumina - 50 nm












Figure 5.5: XRD patterns for Al-20vol. % Al2O3 (50 nm) as a function of milling time  
 
Al. - 20vol. % Alumina - 150 nm











Figure 5.6: XRD patterns for Al-20vol. % Al2O3 (150 nm) as a function of milling time 
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 The experimental X-ray diffraction pattern for pure aluminum is shown in Figure 5.3 and 
that for pure alumina of the three different particle sizes (50 nm, 150 nm and 5 µm) is shown in 
Figure 5.4. The diffraction patterns for the 20 vol. % Al2O3 (50 nm and 150 nm) are taken at 
different milling times and the patterns are shown in Figures 5.5 and 5.6, respectively. Bulk 
powder production was carried out for the Al-20 vol. % Al2O3 (50 nm) using a Fritsch mill. 
Samples were taken out for analysis at 50 h and 100 h of milling and the XRD patterns are 
shown in Figure 5.7. The XRD pattern of the Al-20 vol. % Al2O3 (5 µm) powder milled for 24 h 
is shown in Figure 5.8. 
 
Al. - 20vol. % Alumina - 50 nm (Bulk)









Figure 5.7: XRD patterns for Al-20 vol. % Al2O3 (50 nm) using Fritsch mill 
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Figure 5.8: XRD patterns for Al-20 vol. % Al2O3 (5 µm) milled for 24 h in a SPEX mill 
 
Al. - 30vol. % Alumina - 50 nm










Figure 5.9: XRD patterns for Al-30 vol. % Al2O3 (50 nm) at different milling times 
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 The diffraction patterns for the 30 vol. % Al2O3 (50 nm) are taken at different milling 
times and the patterns are shown in Figure 5.9. As described in the next section, the SEM 
analysis of the alloyed powders revealed that the distribution of alumina in the matrix was fairly 
uniform after 24 h of milling using a SPEX mill and about 100 h of milling in a Fritsch mill. For 
this reason, milling of the Al-30 vol. % Al2O3, (150 nm) was continued without taking samples 
out for analysis till about 100 h. The X-ray diffraction pattern for 30 vol. % Al2O3, 150 nm is 
shown in Figure 5.10. The XRD pattern for 30 vol. % Al2O3, 5 µm powder is shown in Figure 
5.11. 
 













Figure 5.10: XRD patterns for Al-30 vol. % Al2O3, 150 nm milled for 100 h in a Fritsch 
Pulverisette P5 mill  
 
  69 
 
 














Figure 5.11: XRD patterns for Al-30 vol. % Al2O3, 5 µm milled for 24 h in a SPEX mill 
 
Al - 20vol. % Alumina - 50 nm (5:1) BPR









Figure 5.12: XRD patterns for Al-20 vol. % Al2O3, (50 nm) milled for different times using a 
BPR of 5:1 
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Figure 5.13: XRD patterns for Al-50 vol. % Al2O3 of different particle sizes milled for 24 h in a 
SPEX mill 
 
 Figure 5.12 shows the X-ray diffraction patterns of Al-20 vol. % Al2O3 (50 nm) with a 
BPR of 5:1 after 7 h and 15 h of milling. The diffraction patterns for powders with 50 vol. % 
Al2O3 (50 nm, 150 nm and 5 µm) are shown in Figure 5.13 after 24 h of milling in a SPEX mill.  
 
5.1.1  X-ray Diffraction Results of As-Received Powders
 
 X-ray diffraction patterns of the as-received powders show that in case of pure aluminum 
(Figure 5.3) four main peaks are registered in the 2θ range of 20 to 80˚. Indexing the diffraction 
patterns reveals that the peaks with the higher intensities correspond to diffraction from 111, 200, 
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220 and 311 planes of aluminum (shown in Table 5.1). The lattice parameter calculated was the 
same as that of the standard value for pure aluminum.  
 




2θ (˚) sin2θ sin2θ/ sin2θmin (sin2θ/ 
sin2θmin) x 3 
h2+k2+l2 h k l a (nm) 
1 38.696 0.1097 1 3 3 111 0.4028 
2 45.000 0.1464 1.3345 4.0035 4 200 0.4026 
3 65.398 0.2918 2.6599 7.9797 8 220 0.4033 
4 78.542 0.4006 3.6517 10.9551 11 311 0.4036 
 
 
 Sharp peaks in the diffraction pattern of pure aluminum indicate the crystalline nature of 
the material. X-ray diffraction patterns of as-received alumina powders (Figure 5.4) indicate that 
as the particle size decreases (from 5 µm to 50 nm) it becomes increasingly difficult to find sharp 
peaks in the diffraction pattern. Broadening of the peaks might be because of the smaller 
crystallite size. X-ray diffraction patterns of the composite powders also indicate the absence of 
sharp peaks and this might be due to the background noise and low scattering due to presence of 
oxygen. It is seen that with an increase in the Al2O3 volume fraction the peaks tend to get 
broadened. Figure 5.14 shows the standard X-ray diffraction patterns for transition alumina 




Figure 5.14: Standard XRD patterns transition alumina [39] 
 
 Interplanar spacing “d”, 2θ and the hkl values for the four different transition alumina (α, 
γ, δ and θ) phases are shown in Table 5.2 [39]. Comparison of the experimental XRD patterns of 
alumina with 50 nm, 150 nm and 5 µm particle sizes (Figure 5.4) with the standard 2θ values for 
pure alumina of different polymorphs reveals that the 50 nm and 150 nm powders contain 
predominantly γ and θ alumina polymorphs and that the 5 µm alumina powders contain mostly α 
alumina polymorph. Table 5.3 clearly supports the above observations. The 2θ values of the 
above set was calculated using the standard interplanar spacing, d for pure alumina powders with 
the aid of the standard Joint Committee on Powder Diffraction Standards (JCPDS) books. 
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Table 5.2a: Standard X-ray diffraction data of α-alumina  
Material:  α-alumina      
Crystal Structure:  Hexagonal    
Lattice parameter: a = 0.47586 nm, c = 1.29897 nm    
Radiation: Cu Kα1       
λ kα1 = 0.154056 nm     
Peak # hkl 2θ (˚) d (nm) I/I1
1 012 25.5839 0.3479 75 
2 104 35.136 0.2552 91 
3 110 37.7842 0.2379 40 
4 113 43.3626 0.2085 100 
5 024 52.552 0.174 48 
6 116 57.5186 0.1601 95 
7 124 66.5475 0.1404 36 
8 300 68.1973 0.1374 56 
9 1.0.10 73.1307 0.1293 16 
10 226 95.2617 0.10426 17 
11 1.2.10 101.094 0.09976 13 
12 324 116.144 0.09076 13 
 
 
Table 5.2b: Standard X-ray diffraction data of γ-alumina 
Material:  γ-alumina      
Crystal Structure:  Cubic    
Lattice parameter: a = 0.790 nm   
Radiation: Cu Kα1       
λ kα1 = 0.154056 nm     
Peak # hkl 2θ (˚) d (nm) I/I1
1 111 19.45043 0.456 40 
2 220 31.93636 0.28 20 
3 311 37.60379 0.239 80 
4 222 39.49145 0.228 50 
5 400 45.37734 0.1997 100 
6 511 60.89785 0.152 30 
7 440 67.03336 0.1395 100 
8 444 85.01618 0.114 20 
9 731 97.18787 0.1027 10 
10 800 102.3126 0.0989 10 
11 840 121.2372 0.0884 10 
12 844 145.7646 0.0806 20 
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Table 5.2c: Standard X-ray diffraction data of θ-alumina 
Material:  θ-alumina      
Crystal Structure:  Monoclinic    
Lattice parameter: a = 1.1813 nm, b = 0.2906 nm, c = 0.5625 nm, β=104˚    
Radiation: Cu Kα1       
λ kα1 = 0.154056 nm     
Peak # hkl 2θ (˚) d (nm) I/I1
1 201 19.53695 0.454 18 
2 400/401 31.50895 0.2837 80 
3 202/002 32.77802 0.273 65 
4 111 36.74287 0.2444 60 
5 401/310 38.87017 0.2315 45 
6 402/202 39.91089 0.2257 35 
7 311/112 44.85581 0.2019 45 
8 600/312 47.58431 0.19094 30 
9 313 59.91343 0.15426 25 
10 113/801 62.33799 0.14883 25 
11 20 64.0493 0.14526 25 
12 712/512 67.40002 0.13883 100 
 
 
Table 5.2d: Standard X-ray diffraction data of δ-alumina 
Material:  δ-alumina      
Crystal Structure:  -  unclear    
Lattice Parameter: (in nm):  -  unclear   
Radiation: Cu Kα1       
λ kα1 = 0.154056 nm     
Peak # hkl 2θ (˚) d (nm) I/I1
1 113 19.40746 0.457 12 
2 222 32.80273 0.2728 30 
3 302/118 34.45319 0.2601 25 
4 312 36.49543 0.246 60 
5 313 37.40894 0.2402 16 
6 226 39.5095 0.2279 40 
7 400 45.64282 0.1986 75 
8 0.0.12 46.45884 0.1953 40 
9 318 47.46291 0.1914 12 
10 523/516 61.03111 0.1517 16 
11 4.0.12 66.38728 0.1407 50 
12 -  66.97901 0.1396 100 
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Table 5.3a: Comparison of the experimental 2θ and d values for pure alumina (50 nm) with those 
expected from different polymorphs 
 











2θ (˚) d(Å) 2θ (˚) d(Å) 2θ (˚) d(Å) 2θ (˚) D(Å) 2θ (˚) d(Å) 
20.85 4.2570                 
33.10 2.7042     32.778 2.730         
37.25 2.4119 37.6037 2.39     37.784 2.379 37.409 2.402 
38.30 2.3481     38.870 2.315         
39.45 2.2823 39.4914 2.28 39.911 2.257         
45.60 1.9878 45.3773 1.997         45.643 1.986 
47.00 1.9318     47.584 1.909     47.463 1.914 
 
 
Table 5.3b: Comparison of the experimental 2θ and d values for pure alumina (150 nm) with 
those expected from different polymorphs  
 
 










2θ (˚) D(Å) 2θ (˚) d(Å) 2θ (˚) d(Å) 2θ (˚) D(Å) 2θ (˚) d(Å) 
33.050 2.708     32.778 2.730         
36.800 2.440     36.743 2.444     36.495 2.460 
37.050 2.424             37.409 2.402 
37.800 2.378 37.604 2.390     37.784 2.379     
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Table 5.3c: Comparison of the experimental 2θ and d values for pure alumina (5 µm) with those 
expected from different polymorphs  
 
 










2θ (˚) d(Å) 2θ (˚) d(Å) 2θ (˚) d(Å) 2θ (˚) D(Å) 2θ (˚) d(Å) 
25.750 3.457         25.584 3.479     
35.350 2.537         35.136 2.552     
38.000 2.366 37.604 2.390 38.870 2.315 37.784 2.379     
43.600 2.074         43.363 2.085     
52.800 1.732 45.377 1.997     52.552 1.740     
57.800 1.594         57.519 1.601     
66.850 1.398 67.033 1.395     66.548 1.404 66.387 1.407 
68.550 1.368         68.197 1.374     
77.250 1.234                 
 
 
5.1.2  X-ray Diffraction Results of Milled Powders
 
 X-ray diffraction patterns of Al-20 vol. % Al2O3 (50 nm) composite powders milled for 
different intervals of time in a SPEX mill were recorded under similar conditions (Figure 5.5). In 
this case the four main peaks that are recorded in the 2θ range of 20 to 80˚ are listed in Table 5.4. 
 




2θ (˚) sin2θ sin2θ/ sin2θmin (sin2θ/ 
sin2θmin) x 3 
h2+k2+l2 h k l a (nm) 
1 38.645 0.1094 1 3 3 111 0.4032 
2 44.700 0.1446 1.3217 3.9652 4 200 0.4051 
3 65.017 0.2888 2.6398 7.9194 8 220 0.4054 
4 78.203 0.3977 3.636 10.908 11 311 0.4051 
 
 The indexing the diffraction patterns of the milled powders reveals that the peaks with the 
higher intensities correspond to diffractions from the 111, 200, 220, and 311 planes of aluminum 
(Tables 5.1 and 5.2). The lattice parameter for the Al phase was calculated using the equation: 
sin2θ = (λ/4a2)( h2+k2+l2)                        (5.1) 
where λ is the wavelength of Cu Kα radiation (λ = 0.154056 nm). 
 
 5.2  SEM Analysis
 
 SEM analysis was conducted on the milled powders to check for the uniform distribution 
of the alumina particles in the aluminum matrix. The samples were taken after regular intervals 
of milling time for analysis. Al-20 vol. % Al2O3 samples were analyzed and it was observed that 
after 24 h of milling of the composite powders using a SPEX mill the distribution of Al2O3 
particles in the matrix was fairly uniform. In the case of powders milled in the Fritsch mill, a 
reasonably uniform distribution was obtained after 100 h of milling. In general the distribution in 
almost all the cases (20, 30 and 50 vol. % with 50 nm, 150 nm and 5 µm) was uniform close to 
24 h of milling with the SPEX mill and 100 h using the Fritsch mill. The SEM images are 
arranged according to an increasing volume fraction of alumina particles of different sizes and at 













Figure 5.15: SEM images of Al-20 vol. % Al2O3, 50 nm powders milled for (a) 1 h, (b) 7 h, (c) 
15 h, (d) 20 h and (e) 24 h in a SPEX mill   
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 SEM images of Al-20 vol. % Al2O3 (50 nm) samples milled for different milling times 
are shown in Figure 5.15. It is seen that the distribution of Al2O3 (brighter) in the Al matrix 
(grey) looks to be quite uniform after 24 h of milling. SEM images of the bulk powder 
production using the planetary mill are shown in Figure 5.16; the samples were taken at 50 h and 
100 h. In order to investigate the effect of BPR on microstructural and mechanical properties of 
the composite material, Al-20 vol. % Al2O3 with 50 nm particle size and a BPR of 5:1 was 
milled. Figure 5.17 shows the SEM images of the above composite powders milled for 7, 15, 25 
and 30 h. It was seen that the uniformity in distribution of the Al2O3 particles in the Al matrix 
was not achieved until 30 h of milling. This indicates that, lower the BPR larger is the time 
required for uniform distribution because of less numbers of balls per unit weight of the powder. 
Hence lower transfer of energy in turn requiring larger milling times. 
 SEM images of Al-20 vol. % Al2O3 (150 nm), with samples taken at 3, 8, 15, 24 h are 
shown in Figure 5.18. The distribution of Al2O3 in the Al matrix is seen to be uniform after 100 h 
of milling in the Fritsch mill. In general the distribution of Al2O3 becomes uniform after 24 h of 
milling in the SPEX mill and 100 h in the Fritsch mill. SEM image of Al-20 vol. % Al2O3 (5 











Figure 5.16: SEM images of Al-20 vol. % Al2O3, 50 nm powders milled for (a) 50 h and (b) 100 










Figure 5.17: SEM images of Al-20 vol. % Al2O3, 50 nm, 5:1 BPR powders milled for (a) 7 h and 
(b) 15 h, (c) 25 h and (d) 30 h in a SPEX mill   
 
 





Figure 5.18: SEM images of Al-20 vol. % Al2O3, 150 nm powders milled for (a) 3 h, (b) 8 h, (c) 








Figure 5.19: SEM image of Al-20 vol. % Al2O3, 5 µm powder milled for 24 h in a SPEX mill 
 
 
 SEM images of Al-30 vol. % Al2O3 (50 nm) samples milled for 14, 21 and 24 h are 
shown in Figure 5.20. SEM image of Al-30 vol. % Al2O3 (150 nm) is shown in Figure 5.21 after 
24 h of milling. SEM image of Al-30 vol. % Al2O3 (5 µm) is shown in Figure 5.22 after 24 h of 
milling. SEM image of Al-50 vol. % Al2O3, (50 nm) after 24 h of milling is shown in Figure 
5.23. SEM image of Al-50 vol. % Al2O3 (150 nm) is shown in Figure 5.24 after 24 h of milling. 











Figure 5.20: SEM images of Al-30 vol. % Al2O3, 50 nm powders milled for (a) 14 h, (b) 21 h, 
and (c) 24 h in a SPEX mill   
 
The SEM images are composed of brighter alumina particles in a gray background which is the 
matrix material. It is seen in almost all cases that the distribution is uniform after 24 h of milling 
in a SPEX mill and 100 h in a Fritsch mill.  
 




Figure 5.21: SEM image of Al-30 vol. % Al2O3, 150 nm powder milled for 24 h in a SPEX mill 
 
 
Figure 5.22: SEM image of Al-30 vol. % Al2O3, 5 µm powder milled for 24 h in a SPEX mill 
 
 









Figure 5.24: SEM image of Al-50 vol. % Al2O3, 150 nm powder milled for 24 h in a SPEX mill 




Figure 5.25: SEM image of Al-50 vol. % Al2O3, 5 µm powder milled for 24 h in a SPEX mill 
 
5.3  Consolidation 
 
 During HIPing of the samples, it was observed that the aluminum tubes got punctured 
close to the regions of the weld. This may be due to improper vacuum inside the tubes caused by 
imperfect welding of the end caps to the tubes. Another reason for the failure of the tubes under 
the pressure might be the material of the tube itself. Aluminum-6061 is composed of 0.4 to 0.8 
wt. % of silicon and this is high enough to cause voids in the material at high temperatures and 
pressures used in the HIPing process.  
 The tubes were then cut into individual samples and identified according to the specific 
location inside the tube. The density calculations on the HIPed samples revealed that only 75 % 
of the theoretical density was reached. In order to have decisive results of the influence of 
volume fraction and particle sizes of Al2O3 on the mechanical properties of the composite it was 
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important to have a fully dense sample for compression and nanoindentation testing. Hot press 
route was adopted to get the desired composites as a backup apart from HIP.   
The parameters for the hot press were as follows: 
Pressure:  30 MPa 
  
Temperature:    640˚C 
 
 The temperature is raised until the aluminum started to flow, in the range of 660 to 700 
˚C. The density calculations on the compacts after hot pressing revealed that almost 90 % of 
theoretical density was reached. There is still a need to get a fully dense sample to be able to 
relate the properties of the composite to the volume fraction and the size of the alumina particles. 
For this reason HIPing was tried out again, however, in this case it is a container-less HIPing. As 
discussed earlier, a need for a container was not felt if the initial density of the compact was 
close to 90 % of theoretical density. In this run all the other parameters remained the same except 
that the pressure applied was about 100 MPa. The results of HIPing on the pre-hot pressed 
samples showed that the density in fact had gone down as shown in Table 5.5. 
 
Table 5.5: Density variation before and after HIPing  
sample Avg. Height Avg. Volume Mass Density Theoretical Density 
 (cm) 
Radius 
(cm) ( cm3) (g) ( g/cm3) 
Density 
(g/cm3) (%) 
20 vol.% 50 nm        
Before HIP 2.2980 0.6372 2.9300 7.8031 2.6631 2.9511 90.2403 
After HIP 2.3037 0.6435 2.9962 7.8140 2.6080 2.9511 88.3733 
        
30 vol.% 50 nm        
Before HIP 2.0510 0.6419 2.6556 7.2730 2.7387 3.0772 89.0001 
After HIP 2.0369 0.6435 2.9962 7.8140 2.6080 3.0772 88.3733 
 In order to get a fully dense sample the entire process was repeated, all the way from 
powder production to the HIP. However, in this case a new set of tubes were machined out of a 
different Al alloy (Al- 2024, T3) that has a lower silicon content in comparison to Al-6061, 
assumed to have detrimental effect on the tubes during HIP. The latter material is comparatively 
softer and thus there is no longer a need for a thin walled tube. The total length and the internal 
diameter of the tube were kept unchanged at 4" and ½", respectively (Figure 5.26). However, the 
wall thickness was increased to about 1/8". The samples were placed in the tube in a similar 
fashion as earlier (along the length of the tubes). However, in this case the samples were 
arranged according to the volume fraction of the reinforcements and not the particle size, thus 
one of the tubes (20 vol. %) contained compacts with Al2O3 of 50 nm, 150 nm and 5 µm particle 
size. The tubes were then welded and evacuated followed by HIPing under similar conditions. 
 
 
Figure 5.26: Al-2024, T3 tube for HIPing 
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 It was observed that the compacts were dirty and outgassing was a big problem. Because 
of the nanosize of the particles, gases tend to get trapped and caused problems during the 
welding process. Welding was carried out followed by HIPing. The tubes failed again in a 
similar fashion as the previous ones, huge gas contamination might be the problem. For this 
reason the samples were compacted using the vacuum hot-press. A fully dense Al-20 vol. % 
Al2O3 with 150 nm alumina particle size compact was successfully obtained and was subjected 
to mechanical testing.   
  
5.4  Compression Testing
 
 Compression tests were performed using the Instron Dynamic Testing Instrument (8511 
P) on the above dense compact. The test specimen of 3.61 mm in diameter and 9.03 mm high 
was cut out from the bulk material using electric discharge machining (EDM) technique. The 
maximum displacement was kept close to 10 % of the total specimen height and the specimen 
was loaded at a rate of 0.001 mm/sec. Figure 5.27 shows the load-displacement curve for the 
above specimen. From the diameter and the applied loading conditions, stress-strain response of 
the material is calculated and is shown in Figure 5.28. The initial portion of the curve indicates 
the fact that the surfaces in contact were not precisely parallel, this might be either due to 
specimen surface or surface of the platens. Initial plastic deformation tends to produce intimate 
contact between the two surfaces across the entire specimen area. The first seven data points are 
found to be in error and are corrected with elimination of initial portion of the curve by moving 
the stress-strain curve to the left by the offset calculated from the linear portion of the curve 
using the procedure outlined by Gustafson et al. [1]. A strain rate of 1.0 µm/sec was applied 
during the test.  
 

















Figure 5.27: Load - Displacement curve for Al-20 vol. % Al2O3, 150 nm particle size 
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Figure 5.29: Corrected load-displacement curve for Al-20 vol. % Al2O3, 150 nm   
 























































σy = 515 MPa
y = 35772x 
 
Figure 5.31: Yield stress and elastic modulus calculations for Al-20 vol. % Al2O3, 150 nm   
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 The corrected initial data points are incorporated in the final load-displacement and 
engineering stress-strain curves that have been moved to the left to eliminate the initial error and 
are shown in Figure 5.29 and 5.30 respectively. Slope of the linear portion of the curve in Figure 
5.30 is used to correct the initial error. The point of yielding is determined by drawing a line 
parallel to the initial linear region of the curve at a strain offset of 0.2 % strain. The stress 
corresponding to the intersection of this line and the stress-strain curve as it bends over in plastic 
region is defined as yield strength (σy). The results are compared with the elastic modulus for the 
composite material found from the rule of mixture given as:  
Ec = EmVm + ErVr                                                                    (5.2) 
where E and V denote the elastic modulus and volume fraction, respectively, whereas the 
subscripts, c, m, and r represent composite, matrix and reinforcement phases. From literature we 
have: Em = 70 GPa, Er = 325 GPa, and for Al-20 vol. % Al2O3, Vm = 0.8 and Vr = 0.2. 
Substituting the above values in equation (5.2) the elastic modulus of the composite is calculated 
as Ec = 121 GPa. After yielding, the stress increases to a maximum value and then decreases to 
eventual failure. The maximum stress on the stress-strain curve (Figure 5.30) is termed as the 
compressive strength (CS) of the materials (CS = 685 MPa). The yield strength from Figure 5.31 
is calculated as σy = 515 MPa. The slope of the linear portion of the curve in Figure 5.31 is the 










Nanoindentation tests were carried out on Nanotest-600® manufactured by Micromaterials 
Limited of Wrexham, UK. Al-20 vol. % Al2O3, 150 nm alumina particle size composite was 
indented using a spherical diamond indenter. The elastic modulus and the yield stress are 
calculated as described in section 4.5.2. The process parameters are as follows: 
 
Loading rate: 100 mN/sec 
Maximum load: 1500 mN 
Diameter of indenter (D): 2.042 mm 
Poisson’s ratio of indenter (υi): 0.07 
Poisson’s ratio of composite (υ): 0.33  
Elastic modulus of indenter (Ei): 1141 GPa  
The machine compliance or the deformation of the machine has to be subtracted from the new 
data to obtain accurate results.  To determine the machine compliance, a standard steel sample of 
known modulus was indented and the relationship, between machine displacement and applied 
load is shown in Figure 5.32. To verify this relationship, a standard fused quartz sample (E = 72 
GPa) was indented and the modulus was experimentally determined to be 73 GPa as shown in 
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Figure 5.32: Machine displacement vs. applied load   
 
 

















 : 73 GPa
 
Figure 5.33: Elastic response of standard fused quartz sample   
 
 Figure 5.34 shows a representative P-h response of the composite. The loading portion 
from this curve was plotted on a log scale, as shown in Figure 5.35, to determine the onset of 
large scale plasticity. The elastic modulus was determined by fitting a 3/2 curve to the elastic 
region in the loading portion of the curve as shown in Figure 5.36. The main reason for plotting 
values starting from 2.6 on the log displacement scale in Figure 5.35 is to avoid the negative or 
erroneous values.  
 


















displacement (nm)  
Figure 5.34: Representative load-displacement curve from nanoindentation of Al-20 vol. % 





























































C = 0.076 mN / nm1.5
 
Figure 5.36: 3/2 fit to the elastic region of the loading portion of the P-h curve     
 
 The elastic modulus and maximum shear stress were determined (according to guidelines 
set in reference [35]) to be 42.5 ± 12 GPa and 194 ± 51 GPa, respectively. The yield stress was 
calculated as stated earlier according to Von Mises’ yield criterion and determined to be 336 ± 
88 MPa. The errors reported represent a standard deviation from fourteen comparable indents. In 
comparison to the value of elastic modulus predicted from rule of mixtures (Ec = 121 GPa), both 
compression (E = 36 GPa) and nanoindentation (E = 42 ± 12 GPa) test results show much lower 
numbers. The reason for such low values might be localized yielding in the material possibly due 
to residual stresses. Comparison of experimental results with those established in literature are 
shown in Table 5.6. 
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Table 5.6: Comparison of results from literature and experiments  
Testing type Particle size Vol. fraction Properties Reference #
Tensile test 11.5 µm (dia.) 0.5 shear mod: 52 ± 3 GPa [8] 
Ultrasonic test 0.3 µm 0.34 E: 127 ± 2 GPa [10] 
  0.37 E: 135 ± 2 GPa  
Wear test 4.5 µm 0.7 E: 200-240 GPa [11] 
Wear test 4 µm 0.03 
E: 80 GPa 
σy: 90 MPa 
Tensile strength: 159 MPa [16] 
Compression 150 nm 0.2 
E: 36 GPa 
σy: 515 MPa 
Compressive strength: 685 
MPa Experiment 
Nanoindentation 150 nm 0.2 
E: 42 ± 12 GPa  
σy: 336 ± 88 MPa 
τmax: 194 ± 51 GPa Experiment 
 
 
 From Tables 2.6 and 5.6 it is clear that as the particle size decreases for a given volume 
fraction the yield strength increases; similar is the case with an increase in volume fraction of 
Al2O3 for a given particle size. Thus the most effective combination would be a composite with 
high volume fraction of Al2O3 with the smallest possible particle size. The particle size in the 
present work is small and the volume fraction is not very high. Even then a high value of yield 
strength was achieved. This is attributed to nanometer size Al2O3 particles. The low elastic 
modulus value might be due to localized yielding as a result of residual stresses. 
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CHAPTER 6: SUMMARY AND CONCLUSIONS 
 
 In order to have a complete understanding of the complex interaction between the soft 
matrix material and harder ceramic reinforcements, one has to have an idea about the effect of 
distribution and the volume fraction of the reinforcement in the composite material. The work 
done in this thesis tries to explain it in a much elaborated fashion. Structural characterization of 
the composite powders with different volume fractions of Al2O3 using SEM reveals that in 
general the distribution of Al2O3 in almost all the cases was quite uniform after 24 h of milling in 
a SPEX mill and 100 h in a Fritsch mill. Comparison of X-ray diffraction patterns of as-received, 
and milled powders with that of the standard patterns for different polymorphs of Al2O3 indicate 
that the 50 nm and 150 nm powders contain predominantly γ and θ alumina polymorphs and that 
the 5 µm alumina powders contain mostly the α alumina polymorph. By far the most time 
consuming and tedious of all processes was the densification of the composite powders. As a 
result, mechanical characterization of only one fully dense sample, Al-20 vol. % Al2O3 with 150 
nm alumina particle size could be carried out. Compression and instrumented nanoindentation 
tests were carried and the results show significantly lower values of elastic modulus of the 
composite in comparison to that predicted from the rule of mixtures. The probable reason for 
such low values can be localized yielding in the material due to residual stresses.  
 Due to time constraints, only one of the possible nine composite powders was 
mechanically characterized. In order to have a complete understanding of the effect of Al2O3 
volume fraction and particle size on the mechanical properties of the Al-Al2O3 composite system 
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rest of powder sets have to be tested. This thesis tries to explain the basic concept of metal 
matrix composite from processing, all the way to mechanical characterization. This work could 
be used for future research in the field with improvements in the consolidation process to obtain 
a fully dense sample economically and with ease.     
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